[1] Present methods used to retrieve altimeter data do not provide reliable estimates of sea surface height (SSH) in the nearshore region, resulting in a measurement gap of 25-50 km next to the coast. In the present work, gridded SSH fields produced by Archiving, Validation, and Interpretation of Satellite Oceanographic data (AVISO) in the offshore region are combined with coastal tide gauge time series of SSH to improve estimation in that gap along the west coast of the United States in the northern California Current System between 40°and 45°N and 123.8°and 126°W. To assess the increase in skill provided by this procedure, the geostrophic alongshore currents, calculated from the new SSH fields in the gap region, are compared to three in situ, nearshore current measurements, resulting in correlation coefficients of 0.73-0.83 and standard deviations of the differences of 11.6-12.6 cm/s, substantially improved from the AVISO-only results. When the Ekman current components are estimated and added to the geostrophic currents, comparisons to the 10 m deep acoustic Doppler current profiler velocities are only slightly improved. The Ekman components make a more significant contribution when compared to HF radar surface current measurements, providing correlations of 0.94 and standard deviations of the differences of 6.4-9.5 cm/s. These results represent a dramatic improvement in the quality of the SSH fields and estimated alongshore currents when additional, realistic SSH data from the coastal region are added. Here we use coastal tide gauges to provide the additional SSH data but also discuss more general approaches for altimeter SSH retrievals in coastal regions where tide gauge data are not available.
Introduction
[2] Satellite altimetry provides a unique opportunity to understand the dynamics of the sea, with sea surface height (SSH) data extending over the past 15 or more years. The usefulness of the altimeter measurements for large-scale studies is well established, as demonstrated by studies of the large-scale California Current on seasonal and interannual timescales [Kelly et al., 1998; Strub and James, 2000 , 2002a , 2002b . However, coastal processes are more difficult to resolve with altimeter data, because of two types of problems. First, and most importantly, intrinsic difficulties affect the corrections applied to the altimeter data near the coast (e.g., the wet tropospheric component, high-frequency oceanographic signals, tidal corrections, etc.). Thus, data are usually flagged as unreliable within some distance of the coast. Second, the interpolation of along-track data collected by just one or two satellites provides only marginal resolution of mesoscale and smaller-scale structure in ocean circulation [Le Traon and Dibarboure, 2002; Leeuwenburgh and Stammer, 2002; Chelton and Schlax, 2003] , which is dominant in the coastal region.
[3] Several approaches are available to address the problems described above. Pascual et al. [2006 Pascual et al. [ , 2007 show that increasing the number of satellites used to produce gridded maps of sea surface height to four greatly increases the accuracy of estimates of the mesoscale surface circulation. Volkov et al. [2007] show that improvements in tidal and high-frequency models used to produce the data distributed by the Archiving, Validation, and Interpretation of Satellite Oceanographic data (AVISO) project also improve the quality of the altimeter SSH fields over wide continental shelves. Other efforts to correct the altimeter signal near the coast include recomputing the wet tropospheric correction [Manzella et al., 1997; Vignudelli et al., 2005; Madsen et al., 2007; Desportes et al., 2007] , the use of customized tidal modeling [Vignudelli et al., 2000; Volkov et al., 2007] , the use of higher-rate data [Lillibridge, 2005] , and/or retracking [Deng and Featherstone, 2006] .
[4] In the present work we address the first set of problems described above by first estimating the distance from the coast within which the original along-track altim-eter data are usually (>75% of the time) flagged as unreliable. Because of the lack of valid data, gridded AVISO altimeter fields in this coastal ''gap'' region are mostly the result of the extrapolation of nearby offshore data. However, as we shall show, this procedure is often unreliable. After eliminating the AVISO data in this gap, we produce new SSH fields by interpolating between the tide gauge SSH data set along the coast and the gridded SSH data set produced by AVISO in the offshore region. To assess the improvement resulting from this simple approach, alongshore geostrophic currents, estimated from the new SSH fields, are then compared to in situ acoustic Doppler current profiler (ADCP) currents and surface current measurements from CODAR SeaSonde HF mapping systems (''HF currents'') within the gap and the statistics of the comparisons are presented.
[5] The domain considered in this work is the northern California Current System (CCS) between 40°and 45°N and 123.8°and 126°W. In most of this region, the continental shelf is relatively narrow and deep, reducing the effects of tidal model errors in the altimeter data set. This portion of the coastal ocean off Oregon has been the focus of a number of in situ process studies, beginning with the Wisp and Coastal Upwelling Experiments (CUE-I and CUE-II) in the early 1970s, continuing through the GLOBEC (Global Ocean Ecosystem Experiment) and COAST (Coastal Ocean Advances in Shelf Transport) projects during 1997 -2003 . The early studies resulted in two-dimensional (onshore-offshore) conceptual models of upwelling systems [Kundu et al., 1975; Kundu and Allen, 1976; Huyer et al., 1978 Huyer et al., , 1979 . The in situ current measurements, surveys and satellite data starting in 1997 revealed greater three-dimensional complexity in the mesoscale circulation fields [Barth et al., 2000 [Barth et al., , 2005a [Barth et al., , 2005b Kosro, 2005] . The results of studies through the early 1990s are included in reviews of the CCS physical oceanography by [Hickey, 1979 [Hickey, , 1998 ]. Mackas et al. [2006] include the later studies and extend the scope of the review to include biological responses to the physical forcing, upwelling and mesoscale circulation patterns.
[6] In the northern CCS, wind stress, coastal SSH and strong coastal currents reverse seasonally [Hickey, 1979; Strub et al., 1987; Hickey, 1998; Strub and James, 2000; Huyer et al., 2007] . In spring and summer, persistent equatorward winds (associated with the North Pacific High) produce upwelling, low sea levels next to the coast and an equatorward flowing jet that is found over or offshore of the shelf. In fall and winter, poleward winds (associated with synoptic storms) produce downwelling, high sea levels next to the coast and a poleward coastal jet, sometimes called the Davidson Current. In addition to forcing by the local or regional wind stress, buoyancy forcing by freshwater discharge at the coast influences the coastal circulation in some locations, especially near the Columbia River Plume [Hickey, 1998; Huyer et al., 2005] . Winds located farther to the south (off northern California) are also important, communicating their influence to the coastal ocean off central Oregon through the passage of poleward propagating coastal trapped waves (CTW) [Allen, 1975; Smith, 1978; Brink, 1991; Hickey et al., 2006] .
[7] Tide gauges are commonly used to calibrate and validate altimeter data [Leuliette et al., 2004] , making them a natural choice to extend altimeter SSH data to the coast. In an early use of combinations of tide gauge and altimeter SSH data Strub and James [1997] demonstrated that the inclusion of tide gauge data allowed the SSH fields to show the early development of an equatorward jet over the narrow shelf off central California in spring. The jet became visible in the altimeter-only fields when it moved farther offshore. Off Oregon, the jet stays over the shelf and closer to the coast for much of the spring and early summer [Kosro, 2005] , making it less visible to the altimeter-only SSH fields.
[8] In the region studied here, five tide gauges are distributed approximately evenly in latitude, providing long-term SSH measurements. In addition, three in situ moorings with ADCPs [Kosro, 2003; Geier et al., 2006] and an array of HF surface current radars along the coast [Kosro, 2006] provide long-term current measurements for part of the altimeter period that can be used to validate the increased skill in geostrophic alongshore velocities estimated from the new SSH fields in the coastal ''gap.'' The presence of strongly varying seasonal and synoptic currents, tide gauges, in situ current measurements and fairly simple coastal geometry makes this an ideal location to test the ability of combinations of altimeter and tide gauge data to resolve the alongshore coastal circulation.
[9] This article is organized as follows: In section 2 we present the satellite altimeter and tide gauge data, as well as the in situ current meters and high-frequency surface current maps that are used to validate the results. In section 3, the methodology used to interpolate the data is explained and the new gridded maps of SSH are compared to the maps produced by AVISO. Geostrophic velocities derived from the new SSH fields are compared to three time series of in situ current measurements and to the HF surface current maps in section 4, before and after adding Ekman components. A discussion of the results, their limitations and possible future extensions concludes the article in section 5.
Data

Satellite Altimetry
[10] Two type of satellite altimeter data are used in the present work: along-track and gridded, both downloaded from the AVISO ftp site (data are available at ftp://ftp.cls.fr). We downloaded the along-track delayed time Geophysical Data Record (GDR) and the delayed time, updated version of the AVISO sea level anomaly weekly maps gridded at 1/4°in rectangular projection. The gridding technique for combining multisatellite data is described by Le Traon et al. [2003] . AVISO gridded data are widely used to study the large-scale and mesoscale currents, as well as to evaluate model SSH and surface current fields (data are available at http://sealevel.jpl. nasa.gov). All data were corrected at AVISO, using standard techniques for instrumental noise, orbit error, atmospheric attenuation (wet and dry tropospheric and ionospheric effects), sea state bias, etc. A global adjustment using the Topex/Poseidon (T/P) orbit as a reference was performed to remove biases for all satellites [Le Traon and Ogor, 1998 ]. Since 2005, all data have been retreated with a new tidal model (GOT2000) and a correction for the aliased highfrequency signals using a hydrodynamic model (MOG2D-G) [Carrère and Lyard, 2003 ]. The benefits in shallow waters of those corrections compared to previous versions of the data are discussed by Volkov et al. [2007] . Despite those corrections, along-track data show an important percentage of missing data as they approach the coast as quantified in section 3.2. However, the gridded AVISO fields do not have a consistent gap near the coast, because of the extrapolation of the data to the coast (and over the coast, in some locations).
Tide Gauge Data
[11] Research quality hourly tide gauge (TG) data were downloaded from the University of Hawaii Sea Level Center (data are available at http://ilikai.soest.hawaii.edu/uhslc) for the same time period considered for the SSH: January 1993 to December 2005. Data were retrieved from five stations distributed between 40°N and 45°N ( Figure 1 and Table 1) , with minimum and maximum distances between TGs of 70 km and 144 km. There are gaps in the records at Port Orford (Oregon) and Crescent City (California); at the other three TGs, water level measurements were uninterrupted for the period January 1993 to December 2005. These tide gauge records are from newer instruments and do not contain the type of errors described by Lentz [1993] and Harms and Winant [1994] .
Independent Current Measurements
[12] In order to quantify the accuracy of the SSH produced by merging TG and satellite data in the nearshore region, we correlated the geostrophic velocities derived from the new SSH fields with three in situ time series of velocities estimated from upward looking acoustic Doppler current profilers (ADCP) (see locations in Table 1 ) and HF surface current maps. The moorings are part of the U.S. Global Ocean Ecosystem Dynamics (GLOBEC) program [Kosro, 2003; Geier et al., 2006] . HF surface current maps are produced by the Ocean Currents Mapping Lab, Oregon State University [Kosro, 2006] (data are available at http:// bragg.coas.oregonstate.edu/) using an array of four longrange SeaSonde high-frequency surface current mappers distributed along the Oregon coast, inside the region considered. The methodology for these systems has been described [Barrick et al., 1977; Lipa and Barrick, 1983] . We used 1 year (2002) of low-pass filtered (46-h half power) gridded maps of HF surface currents.
Wind Data
[13] We used wind stress data to compute Ekman currents at the locations corresponding to the position of the moor- All the correlation coefficients cited are significant at 95% Confidence Level (CL), unless otherwise indicated. The significance levels of the scalar squared correlations are estimated from the c 2 distribution on the basis of the number of independent observations (N*) estimated using the long lag method, following Davis [1976] .
TG Calibration
[15] To suppress any tide-related signal, all TG data were low-pass filtered with a 40-h (half power) Loess filter [Cleveland and Devlin, 1988] . Then, the inverse barometer correction was applied using the 6-h reanalysis of Sea Level Pressure produced by the National Centers for Environmental Prediction (NCEP). 3.1.3. Low-Pass Filtering and SSH Calibration
[16] The Nyquist frequency of the T/P and Jason data is 1/20 cycles per day. Thus a 20-day half-power Loess filter was applied to the inverted barometer corrected TG time series. Current meter time series have also been low-pass filtered with the same 20-day low-pass Loess filter.
[17] We estimate SSH anomalies by subtracting the time average of the total record length at each point in the altimeter SSH gridded maps and at the five TGs. This keeps all time-varying gradients of heights, the strongest of which are associated with seasonal changes in alongshore jets, mesoscale meanders or eddies. Considering the relative small region used in the present work and that we are interested in highlighting mesoscale structures, we prefer not to add uncertainties by adding a nonprecise mean dynamic height (from climatology) to restore the largestscale features. Mean dynamic heights in the region present a slight slope in the onshore-offshore direction, with lower values next to the coast [Strub and James, 2002a] , consistent with weak (2 -3 cm/s) equatorward flow. The analysis of temporal variability is not affected by the exclusion of this slope.
Estimation of the Gap
[18] Six satellite missions have collected SSH data during our period of interest: Topex/Poseidon (T/P), ERS-1/2, Jason 1, Geosat Follow-On (GFO) and Envisat. Among those, T/P and Jason 1 shared the same tracks producing a long record (23 September 1992 to present) at the highest frequency (orbital repeat period is 9.916 days). Two of the T/P and Jason tracks that cover the region considered here pass very close to two of the tide gauges ( Figure 1 ): the shortest distance between track 206 and the tide gauge at Humboldt Bay is 15.8 km; between track 69 and the tide gauge at Crescent City, it is 6.8 km. These two tracks are used to estimate the correlations between TGs and alongtrack SSH time series (Figure 2 ), which determine the distance from the coast at which the satellite altimeter become routinely usable. For this purpose, a single time series from January 1993 to December 2005 is constructed from the T/P and Jason time series at each spatial location of the along-track data. T/P flew between 23 September 1992 and 25 August 2002 and Jason 1 has been flying since 15 January 2000. Thus, before merging the data from the different missions it is necessary to eliminate any differences (biases) between T/P and Jason 1 SSH measurements. In order to do so, the following occurred:
[19] 1. We added to the T/P time series the time mean of the difference between it and the Jason 1 time series. The difference is estimated during the period when both satellites flew in the same orbits (15 January 2002 to 25 August 2002).
[20] 2. The temporal mean (estimated between January 1993 and December 2005) at each location is also removed.
[21] More than 75% of the data available at each alongtrack position are missing at distances shorter than 37 km from the coast (Figures 1 and 2 ). This is due to intrinsic difficulties in the corrections of the altimeter data (e.g., the wet tropospheric component, high-frequency oceanographic signal, and tidal corrections) as well as issues related to land contamination in the footprint. At distances farther than 37 km from the coast, less than 25% of the data are missing ( Figure 1 ) and the correlation between the TG and the along-track data decreases linearly with distance from the coast (Figure 2 ). Thus we eliminated all of the gridded data estimated by AVISO that fall within 37 km of the coast.
Creating a Denser TG Data Set Along the Coast
[22] The five time series of the filtered TGs are very well correlated: among the 10 pairs of possible combinations, the The standard deviations (SD) of the differences between time series are also shown. CL, Confidence Level. minimum correlation is still very high (0.87, between South Beach, Oregon and Humboldt Bay, California, the most widely separated pair) indicating that at this scale, the signal retrieved by the TGs is quite uniform along the coast on timescales of 20 days and longer. This result suggests that in this region it is possible to create a denser spatial array of virtual tide gauges, uniformly distributed in latitude with no gaps in time. This is shown in Figure 3 (bottom), where the original TGs have been interpolated into virtual TGs evenly distributed along the coast, separated by 0.2°in latitude. The dense TG time series were also subsampled every 7 days to match the exact SSH AVISO gridded dates.
Covering the Gap: Interpolation of TG With Satellite Data
[23] To cover the gap next to the coast (i.e., the nearshore region indicated in Figures 4 (middle) and 5 (middle), the dense TG SSHs data set is interpolated to the AVISO gridded SSHs in the offshore region (i.e., west of the gap). Our approach here is to use a widely available method that is based on the Delaunay triangulation method [Delaunay, 1934] . The Delaunay triangulation technique consists of building a set of triangles by connecting all the data points in such a way that the vertices of the triangles are the data points. The collection of the edge's triangles satisfies an ''empty circle'' property: for each edge it is possible to find a circle containing the edge's endpoints but not containing any other data points. Figures 4 (middle) and 5 (middle) show the AVISO and TGs data sets (colored points), the regular grid (small black points) and the triangles selected by the Delaunay triangulation (black lines). The value at each grid point in the gap results from the weighted mean of the three data points located at the vertices of the triangle that circumscribes the grid points considered, with weights that are inversely proportional to the distance between the grid points and the data points. This technique is implemented by the ''griddata'' function in MATLAB, which uses the Quickhull algorithm [Barber et al., 1996] . The interpolated time series produced by the ''griddata'' function are not significantly different from results obtained by applying an optimal interpolation method [Marcotte, 1991] to a limited representative number of fields. An advantage of using optimal interpolation methods is that they provide estimates of the errors. However, for the present application, error estimates are provided by the comparisons to in situ data.
[24] In the next subsection we estimate the geostrophic velocities associated with the new SSH fields. Because the geostrophic velocities are proportional to the slope of the SSH, we applied a running median filter with a window size of 3 Â 3 grid points to the individual SSH fields to avoid any discontinuities in the first derivative of the SSH fields at 
Geostrophic Currents
[25] We estimate the geostrophic currents for each field that resulted from merging TGs and satellite SSH. The zonal and meridional components of the geostrophic velocity at a given grid point are estimated using centered difference as:
respectively, where f is the Coriolis parameter, g is the gravitational force and d is the distance between the grid points used in the calculation. In order to estimate values as close as possible to the coast, adjacent SSH values at grid points next to the coast were linearly extrapolated to values that were over the land before using the centered difference formula at the grid point next to the coast. The same equations were used to derive geostrophic velocities from the SSH produced by AVISO. The inclusion of the TGs produces a more continuous, southward (northward) pattern of velocities for the upwelling-favorable (downwelling-favorable) case, compared to the alongshore currents estimated solely from the AVISO data.
[27] To quantify which of these patterns better represent the real currents in the region, we estimate the correlations and standard deviations of the differences between the three ADCP measurements of the currents at 10 m depth and the geostrophic currents at the nearest positions (Table 3 and locations shown in Figures 4 and 5) . The time series are shown in Figure 6 .
[28] For simplicity, the meridional components of the velocities are used in all of the analyses reported in this paper. The principal axes of variance of the three in situ ADCP time series are within 27°of true north, reflecting the fact that the local currents are well aligned with the contours of the local bathymetry. The correlations and standard deviations summarized in Table 3 have also been estimated after projecting the velocities onto their respective major axes, with no significant change in the results. The correlation at the three sites is higher than 0.74 and the standard deviation of the difference is lower than 12.5 cm/s when the TGs are included. When the geostrophic meridional velocities are estimated from the AVISO SSH data alone, the time series are very weak (Figure 6 ), the variance of the difference between the time series and the in situ velocities more than doubles, the standard deviation of the difference is increased by at least 5.5 cm/s and all of the correlations Only the meridional component of the velocities is considered. First column, name of nearest location; second column, geostrophic velocities estimated from altimetry-only SSH are compared to ADCP currents; third column, geostrophic velocities estimated from the merged product between satellite and tide gauge SSH are compared to the ADCP currents; fourth column, as in the third column but the 10m depth Ekman current is added to the geostrophic velocities. AVISO, Archiving, Validation, and Interpretation of Satellite Oceanographic data; SSH, sea surface height.
become insignificant at the 95% CL (Table 3 ). This result indicates that the inclusion of the TGs clearly improves the gridded SSHs in the nearshore region.
[29] The highest differences between geostrophic currents estimated from the gradients of SSH produced by merging TG and altimeter data is observed during summers (Figure 6 ), when the altimeter-TG combination underestimates the southward velocities at 10 m depth. If the summer periods (21 July to 21 September) are not considered, the standard deviation of the differences decreases to 9.2 cm/s for Newport (South Beach), 9.5 cm/s for Coos Bay and 10.9 cm/s for Rogue River. We explore these differences in several ways in the following subsections.
Adding Ekman Currents
[30] In situ current measurements at 10 m depth as measured by ADCPs are directly affected by the forcing of the winds. Wind forcing causes a surface Ekman current that is estimated according to the following formula [Ekman, 1905] for the meridional component (neglecting the time dependence and considering a nonfinite depth):
Figure 7. As in Figure 6 , after adding the meridional component of the Ekman currents to the merged altimeter-TG SSH time series. AVISO geostrophic time series are not reproduced. Ekman currents are estimated using QuikSCAT winds.
where z is the vertical coordinate (zero at the surface, positive upward), t is the surface wind stress (the subscript indicates the component) r is the density of seawater, f is the Coriolis parameter and d is the Ekman depth, i.e., the depth at which the amplitude of the current forced only by wind stress decays by a factor of 1/e.
[31] To add the Ekman current at 10 m depth to the geostrophic current previously estimated, we need an estimate of the Ekman depth, of the wind stress and of the density. We use the wind stress as computed from QuikSCAT (see section 2.4), a fixed value of density of 1025 Kg/m 3 and a fixed Ekman depth of 15 m. The latter is a critical parameter and possible temporal variations of this parameter are discussed in section 5.1. The meridional component of the sum of the geostrophic plus 10 m Ekman current is compared to the meridional component of the current measured at 10 m by the ADCP in Figure 7 , and correlations are displayed in Table 3 . Correlations and 
Comparison With HF Measurements
[32] We examined HF surface current data collected during 2002, with durations of up to 1 year, depending on location (Figure 8 ). Regions where site geometry produces high uncertainty in one of the velocity components (high Geometric Dilution of Precision, GDOP, generally near the coast between sites and very far from the coast) were eliminated (Figure 8) . The results of the comparison between the HF velocity time series and our geostrophic velocities are displayed in Figure 9 and summarized in Table 4 . Because HF systems measure the very near surface currents, typically 1 -2 m in depth [Stewart and Joy, 1974; Fernandez et al., 1996] , we estimate the Ekman currents at the surface, prior to adding them to the geostrophic currents estimated from the SSH. Correlation coefficients are 0.93 for Newport (South Beach) and 0.94 for Coos Bay (Charleston) and Rogue River (Port Orford, Cape Blanco), with standard deviations of the differences lower than 9.5 cm/s for the three cases. This indicates very good agreement between the HF measurements and velocities estimated from our SSH fields with the addition of the Ekman component. When the Ekman component is not included, correlations decrease and standard deviations of the differences increase by at least 1.7 cm/s (Table 4 ). The highest difference caused by adding the Ekman component is found at Rogue River, indicating that the direct effect of the wind forcing may be more significant at that location. Although the standard deviation of the difference at Newport (South Beach) is low (6.4 cm/s, including Ekman), it should be noted that the HF surface currents time series at Newport starts only at the end of August 2002. This is after the summer period of southward currents associated with the upwelling-favorable winds, which produces the largest differences between current estimates from the altimeter-TG combinations and the in situ or HF measurements.
[33] The correlation coefficients and standard deviations of the differences between ADCP data at 10 m and our geostrophic velocities (including the Ekman current at 10 m depth) are also indicated in Table 4 , using data only from the same period covered by the HF measurements. Both correlation coefficients and standard deviations of the differences indicate that the correspondence is better between our altimeter-TG estimates and HF surface velocities than between our velocities and ADCP data. Thus, the comparison indicates that our velocities (including the surface Ekman component) are better at representing the very surface currents.
[34] Results summarized in Table 4 clearly reflect what can be observed visually (Figure 9 ) in the time series of Coos Bay and Rogue River. In particular, our velocities and HF measurements are almost identical in the first part of the year (up to mid-April 2002 for Rogue River). In midJanuary 2002, the time series at Coos Bay and Rogue River indicate the presence of a southward current whose signature is more pronounced in the ADCP data than in the HF data. If we assume that both HF and ADCP data represent accurate measurements of the currents, this indicates a strong vertical shear between the HF surface currents and the subsurface currents (10 m depth) during this event.
Between mid-April and mid-June, the situation is different: at Coos Bay our velocities clearly underestimates the amplitude of the southward current, while at Rogue River the highest difference is between ADCP and HF measurements. During the rest of the year the three curves have a similar behavior: SSH derived velocities more closely match the HF surface current maps rather than the ADCP velocities.
Discussion and Conclusions
[35] Geostrophic velocities estimated from a merged product between satellite and tide gauge (TG) SSH have been compared with ADCP and HF currents in the above section. The results can be summarized as follows:
[36] 1. In regions within 40 -50 km of the Oregon coast, the available globally gridded SSH fields (derived from standard along-track altimeter data) produce alongshore geostrophic currents that do not correlate well with measured, in situ velocities. This is primarily attributed to the lack of reliable along-track data near land. At least 75% of the along-track altimeter SSH data are flagged by AVISO as invalid in a region that extends up to 37 km from the coast, resulting in extrapolation of the offshore SSH data into the coastal band. This extrapolation lacks the measurements or dynamics needed to resolve horizontal variability in the SSH and current fields in the coastal ocean. The flagging of data as unreliable is due to intrinsic difficulties in tracking the reflected altimeteric radar signal near land and in the corrections applied to the altimeter data when land is nearby (see below).
[37] 2. Interpolation between the more reliable altimeter SSH data from the offshore region and SSH data from TGs along the coast results in geostrophic currents that correlate well (at the 95% CL) with in situ measurements of the alongshore currents, even when using simple linear interpolations between measured offshore and coastal data.
[38] 3. The largest differences occur systematically when upwelling-favorable (equatorward) winds drive a strong southward jet along the coast.
[39] 4. When the Ekman current components are estimated and added to the geostrophic currents, comparisons to the 10 m deep ADCP velocities are only slightly improved. The Only the meridional component of the velocities is considered. Geostrophic velocities (Vgeo) are estimated from the merged product between satellite and tide gauge SSH. First column, name of nearest location; second column, surface (z = 0) Ekman currents are added to the Vgeo and compared to the HF currents; third column, Ekman currents at 10m depth (z = 10) are added to the Vgeo and compared to the ADCP currents at 10 m depth; fourth column, Vgeo are compared to the HF currents without adding any Ekman current.
Ekman components make a more significant contribution when compared to the HF surface current measurements.
[40] We interpret the first two points above to suggest that additional, realistic SSH data from within the coastal band can dramatically improve the gridded SSH and velocity fields in the same region. Although we use coastal tide gauge data in our region, improved retrievals of along-track altimeter data closer to the coast would provide a more general solution to the problem, as discussed below. The third and fourth points above suggest that horizontal and vertical gradients of surface currents are more variable in time and space in coastal regions than assumed in our simple example. Below we discuss these gradients, starting with the vertical gradients of the Ekman currents and continuing with horizontal gradients of currents and SSH. This leads to the discussion of improved retrievals of the along-track SSH data, which is the best hope for coastal altimetry.
Estimates of Ekman Currents and Ekman Depths
[41] Our estimates of the Ekman currents assume a constant Ekman depth and a constant density. In reality, these two parameters are not constant in space or time. The density of seawater changes considerably in the region considered here, because of the sporadic presence of fresh water from the Columbia River in a surface layer. These fresher surface layers only reduce the surface density by less than 1% of its mean value [Huyer, 1977] , producing little direct effect on the Ekman current estimation (see equation (3)). However, they can provide a buoyant surface layer which requires more energy to mix vertically, reducing the Ekman depth and resulting in the concentration of the wind's momentum in a shallow layer with greatly enhanced surface currents. Estimates of surface currents from the HF measurements can be substituted for the surface Ekman currents and combined with estimates of the wind stress (from QuikSCAT) and geostrophic currents (from altimeter SSH) to estimate the ''empirical'' Ekman depth (d):
[42] Results of the empirical estimation of Ekman depth (Figure 10 (top) ) are roughly consistent with the 15 m depth assumed during winter and autumn but show a lower value during spring and summer. Thus, use of a shallower Ekman depth during spring and summer would result in stronger southward currents (Figure 10 (bottom) ) that would better match the observed currents. This would require independent estimates of Ekman depths, which cannot be obtained from satellites but could come from several other sources. Seasonal changes in Ekman depths could be specified from climatologies of density profiles and mixed layer depths. For example, better estimates of temporally and spatially varying density structure could be made from moorings and autonomous vehicle measurements, available from the coastal monitoring systems planned by the U.S. Integrated Ocean Observing System (IOOS). Even more complete estimates of the 3-D density fields could come from coastal circulation models run in the IOOS systems. However, these models will eventually assimilate the altimeter SSH and HF Figure 11 . Comparison of alongshore currents (cm/s) at (top) Newport, (middle) Coos Bay, and (bottom) Rogue River. TG-only (blue line) currents are estimated fixing the SSH (z = 0) 40 km offshore, i.e., only considering the forcing of the TG. The result obtained by merging TG and satellite data and as estimated by the ADCP at 10 m depth are displayed with red and black lines, respectively. Correlations and standard deviations of the difference obtained between time series are presented in Table 5. surface velocity fields, producing more realistic velocity fields that make the calculation of Ekman and geostrophic velocities from the satellite data a moot point.
Estimation of the Alongshore Current by TGs
Only: Variability in Large-Scale Coastal SSH Gradients
[43] It is natural to ask how much of the alongshore velocity and transport in the gap region is contributed by SSH variations in the tide gauge record alone, compared to the combination of tide gauges and offshore altimeter SSH fields. Huyer et al. [1978] found that alongshore currents over the Oregon shelf vary simultaneously with tide gauge SSH measurements at the coast. Assuming linear or exponential decays of the sea level from the coast, Kundu et al. [1975] and Huyer et al. [1978] estimate an offshore length scale L over which the geostrophic velocities correctly approximate the alongshore currents. Huyer et al. [1978] found that L is larger in winter than in spring and summer, the value depending on the approximation considered (linear or exponential). Considering the linear approximation, values are 52 km for winter, between 17 and 35 km for spring and 30-40 km for summer [Huyer et al., 1978] . This seasonal variability is consistent with changes in the Rossby radius of deformation, which is minimum during summer and maximum in winter, because of seasonal changes in the stratification and mixed layer depth.
[44] We test these relationships with the present data, using a constant offshore length scale (L) and a SSH profile that decays linearly from the value measured at the tide gauge to 0 cm at L = 40 km. We compare the resulting geostrophic currents to those produced by the TG and altimeter combination and those measured by the ADCPs located over the shelves at Newport (8 years of data), Coos Bay (5 years of data) and Rogue River (4 years of data). Differences between the TG-only and ADCP currents are, in general, small in spring-summer and large in winter, consistent with results from Huyer et al. [1978] . The large overestimates of poleward currents by the TG-only time series in winter are consistent with the fact that the effective L is larger in winter and values of SSH are not zero 40 km offshore. The altimeter provides better estimates of SSH at 40 km offshore during winters. The underestimates of equatorward currents by the combination of TG and altimeter data in spring and early summer are due to the underestimate of the SSH gradients associated with the upwelling jet. The true SSH gradients in summer occur over much shorter distances across the jet (see section 5.3). When the strong SSH gradient associated with the jet moves offshore of the shelf and current meter in late summer and autumn [Strub and James, 2000] , the combination of TG and altimeter data produces a better estimate of the measured alongshore current than the 40 km linear gradient using only the TG data.
[45] The above comparisons are quantified by values of the standard deviations of the difference between the ADCP and calculated alongshore velocities, along with their correlations. At Newport, with the longest time series, our altimeter-TG estimates of SSH and geostrophic currents produce values of 11.6 cm/s (standard deviation of difference) and 0.83 (correlation coefficient, see Figure 6 and Table 3 ). Use of the TG only SSH with L = 40 km results in values of 15.9 cm/s and 0.79 (see Figure 11 and Table 5 ). Thus, using the altimeter data on the offshore boundary of the 40 km gap region improves the results. The same tendency is found at Rogue River and Coos Bay, i.e., correlations are very similar but standard deviations of the differences present lower values when TGs are merged with satellite SSH data (Table 5) .
[46] Using the measured ADCP time series of alongshore velocities, we can find an optimal value of L to use in the TG-only calculations, to best match the measurements. The standard deviation of the difference between the measured ADCP alongshore currents at 10 m depth and the TG only calculation decreases exponentially as L increases to a distance of 70 km from the coast, increasing slowly for L larger than 70 km. With L = 70 km, the standard deviation of the difference between the ADCP and TG-only calculation is 11.3 cm/s and the correlation coefficient is the same as with L = 40 km. The decrease in standard deviation of the differences is due to a decrease in overestimation of alongshore velocities in winter and a smaller increase in underestimates of velocities in summer.
[47] Although correlations of low-frequency signals in the time series are dominated by seasonal cycles, significant correlations are found at higher frequencies (periods of weeks). To demonstrate this, we estimate the correlations between unfiltered, low-pass filtered and high-pass filtered time series of the SAT+TG and TG only versus ADCP data, respectively. Time series are low-pass filtered using a 90-day period as the cutoff frequency, separating seasonal (and longer) variability from intraseasonal variability. The highfrequency time series are constructed as the difference between the unfiltered and the low-pass filtered time series. Results (see Table 5 ) indicate that while correlation values are similar for low-and high-frequency time series, only the high-frequency signals are significantly correlated (well above the 95% significance level). The lack of significance for the low-frequency signals is due to the fact that they are dominated by the seasonal cycles, which have a low number of degrees of freedom over the 4 -8 year time series (with lower significance levels for high correlations).
[48] Table 5 also shows that the standard deviations of the differences of the unfiltered and low-pass filtered time series are lower (by at least 3.6 cm/s) when the satellite information is interpolated to the TGs rather than when the TG only are considered. This supports the previous conclusion that the altimeter data provides offshore information that compensates for the seasonally changing length scale for the offshore decay of the coastal SSH, as measured by the tide gauges. The contributions of the offshore altimeter data are more important on the seasonal and longer timescales than on the intraseasonal timescales. This is demonstrated by the fact that the standard deviations of the difference for the high-frequency components present almost no differences (with or without altimeter data). This reflects the fact that present altimeters do not adequately sample synoptic and intraseasonal timescales. It also emphasizes the need to integrate altimeter data with observations from instruments that do sample higher-frequency timescales (tide gauges, coastal radars, moorings, etc.) for coastal observing systems.
Interpolation of SSH in the Gap Region:
Variability in Small-Scale Coastal SSH Gradients and the Path Forward for Improved Coastal Fields
[49] The above discussion suggests that the greatest source of error in the new estimates of alongshore velocity may come from our use of a linear interpolation of SSH in the gap region. In situ observations show that during upwelling favorable winds the dynamic height does not decay linearly in the gap region. Instead, the slope of the SSH in the gap region is concentrated, on average, around a narrower region of maximum slope [Fleischbein et al., 2005, Figure 19] , and the equatorward alongshore surface flow is often concentrated into a current jet [e.g., Kosro, 2005] , whose core location changes with time. Averaged over weeks to months, the slope of the SSH resembles a ''cosine-like'' decay of SSH, with maximum slope and a strong jet in the middle of the gap region, as depicted schematically in Figure 12 . This observation was, in fact, the motivation for the location of the ADCP mooring at midshelf off Newport.
[50] At any given time, however, even narrower coastal jets, filaments and other small-scale structures in SSH and velocity are found routinely in coastal regions [Kosro, 2005; Barth et al., 2005a Barth et al., , 2005b Fleischbein et al., 2005] . An example is shown from the Oregon coast during June 2005, in Figure 13 . A band of colder SST values is seen next to the coast south of 45°N on 29 June. Two altimeter tracks are shown (straight lines) ascending from SW to NE (27 June) and descending from the NW to SE (28 June). SSH data from these tracks are recovered by substituting a modelderived ''wet troposphere atmospheric correction'' for the standard correction from the onboard microwave radiometer, which does not produce usable data east of $125°W (see below). Along the descending (NE -SW) track, SSH values (the fluctuating lines) drop approximately 12 cm as the altimeter approaches the coast at $44.7°N, 124.8°W, and drop again $25 cm near 44.3°N, 124.4°W. The second, larger drop in SSH occurs approximately where the altimeter track crosses from warmer to colder water. The SSH values represent the vertically integrated specific volume of the water column (here controlled primarily by the temperature), similar to dynamic heights. From past measurements, we expect a strong jet along the SST/SSH front. The smaller drop in SSH, farther offshore, represents another subsurface density front that is covered by a surface layer of warm SST and should correspond to a weaker jet. These fronts demonstrate the true nature of the SSH and current fields at any given time, which are poorly resolved by a linear gradient of SSH between the coast and the offshore region. However, the geostrophic alongshore transport integrated across the gap is accurately portrayed, regardless of the shape of the SSH field in the gap region, and the linear interpolation provides a large increase in skill compared with the original, extrapolated AVISO product.
[51] Our interpolation of SSH between valid offshore altimeter data and coastal tide gauges represents a first step in improving the SSH fields in coastal regions. It primarily demonstrates that more realistic SSH data from within the coastal region are able to improve altimeter estimates of SSH and surface currents within approximately 40 km of land. The use of tide gauge data and an assumed shape for the interpolated SSH profile (linear, cosine or otherwise) across the coastal gap is a weakness of the present analysis, motivated by the lack of measurements in the gap region interior. For many coastal locations, an additional limitation for this technique is the lack of a relatively dense array of well-maintained tide gauges, with long and consistent time series.
[52] The more general solution to the problem of obtaining improved fields of SSH in coastal regions requires better methods for retrieving the along-track altimeter SSH data in those regions. This will replace the use of tide gauges, with global coverage to within approximately 5 km of land. However, modification are needed for the methods used to retrieve the altimeter's reflected radar signal and to estimate ''corrections'' to the path delay caused by atmospheric constituents and surface effects. Close to the coast (10 -20 km), land contaminates the actual reflected altimetric radar signal. Advanced methods for tracking the reflection point of the radar signal from the ocean and land surfaces are needed, as described by Fenoglio-Marc et al. [2007] . Farther from the coast, the large footprint of the onboard microwave radiometers used to estimate the wet tropospheric path delay (because of vertically integrated atmospheric water vapor) intersects land and creates a data gap within approximately 50 km of land. Alternative estimates for the wet tropospheric correction are provided by atmospheric models [Madsen et al., 2007] , as used in Figure 13 , although they may not resolve sharp gradients in atmospheric moisture, associated with fronts near the coast. Modified algorithms for the onboard microwave radiometer are being explored, as described by Desportes et al. [2007] .
[53] Algorithms to correct for these and other atmospheric and surface effects in coastal regions are the subject of several international initiatives, including ALTICORE Bouffard et al., 2008] (information available at www.alticore.eu), COASTALT (data are available at www.coastalt.eu), and PIS-TACH [Lambin et al., 2008] . Improvements in methods for coastal altimetry are also being discussed in an ongoing series of workshops [Smith et al., 2008] . Our results demonstrate that inclusion of more realistic SSH data (from tide gauges, altimeter tracks or other sources) in producing gridded SSH fields will result in improved estimates of surface currents in these coastal regions, where society's use of the ocean continues to increase.
Summary
[54] The present work shows that the combination of SSH data from tide gauges and satellite altimeter fields improves the altimeter SSH fields within 40-50 km of the coast and increases the accuracy of the alongshore surface velocities derived from those fields. We also point out that compact structures such as coastal jets are only partially represented using the linear interpolation techniques employed here, causing higher differences between SSH-derived velocities and in situ measurements in summer over the shelf off Oregon. These jets are narrower than can be represented by a linear interpolation of SSH from 40 km offshore to the tide gauges at the coast. To improve the representation of the velocity structure in the 40 km next to the coast, methods must be found to retrieve the actual along-track altimeter SSH data in that region. These data can then be used in two ways:
[55] 1. They can be used as inputs to advanced gridding techniques, such as employed by AVISO, to produce more realistic SSH fields. Surface velocity fields can be produced from the SSH fields, with or without the addition of Ekman components [Johnson et al., 2007; Sudre and Morrow, 2008] .
[56] 2. The same SSH data (either along-track or gridded) can be assimilated into dynamical models of coastal ocean circulation (A. L. Kurapov et al., Representer-based analyses in the coastal upwelling system, submitted to Dynamics of Atmospheres and Oceans, 2008) . However, our results show that the presently available gridded SSH fields, without the inclusion of more realistic SSH data (from tide gauges or improved along-track altimeter data), do not accurately represent details of the circulation within 40-50 km of the coast and should not be assimilated into coastal models.
[57] Ignoring spatial details of the coastal circulation, for regions with narrow shelves, the spatially integrated geostrophic alongshore transport in the region within 40 km of the coast depends only on the difference of SSH across that region (not on the particular shape of the SSH). Thus, the techniques described here can be used to construct a 15 year index of the alongshore transport within $40-50 km of the coast, anywhere that a sufficiently long record of SSH from a well-maintained tide gauge exists. This index may be used for studies of climatic variability in water mass characteristics, plankton species, etc., caused by changes in alongshore transports.
